INTRODUCTION {#s1}
============

Diffuse large B-cell lymphoma is the most common form of non-Hodgkin\'s lymphoma, accounting for one-third of all adult lymphoma. During the last decade, R-CHOP therapy has markedly improved patients\' outcomes \[[@R1]\]. However, approximately one--third of the patients will develop relapsed or refractory disease that mainly results in morbidity and mortality \[[@R2]\]. So, it is crucial to identify those who are likely to have poor outcomes \[[@R3]\]. IPI has been used for predicting the prognosis in patients with aggressive non-Hodgkin\'s lymphoma for more than 20 years, but the introduction of rituximab weakens its\' discriminating power \[[@R4], [@R5]\]. NCCN-IPI also provides some information of risk stratification \[[@R6]\], but is still not enough for clinicians. More prognostic factors should be explored.

^18^F-fluorodeoxyglucose positron emission tomography/computed tomography is a powerful tool of showing the fusion of anatomical structure and metabolism of lesions. It is now widely used for the management of DLBCL \[[@R7]--[@R9]\]. The association between SUV and prognosis of DLBCL has been widely studied. However, not many studies are available to evaluate the prognostic value of MTV and TLG in DLBCL and these studies draw different conclusions \[[@R10]--[@R21]\].

The purpose of the present study is to demonstrate the prognostic value of TLG derived from baseline PET/CT, and to compare TLG with other clinical factors, in newly diagnosed DLBCL patients treated with R-CHOP therapy.

RESULTS {#s2}
=======

Patient characteristics {#s2_1}
-----------------------

Baseline demographic, clinical and pathologic characteristics of 91 patients were summarized in Table [1](#T1){ref-type="table"}. The median age was 56 years old (range, 17-83 years old), and the male to female ratio was 0.93:1. Complete remission (CR) and partial remission (PR) were achieved in 79 out of 91 (87%) patients after 6 or 8 cycles of R-CHOP therapy. After a median follow-up of 30 months (range, 5-124 months), 27 patients had disease relapse or progression and 11 patients died. The 5-year PFS and 5-year OS were estimated in life tables, shown as 65% and 82%, respectively.

###### Characteristics of DLBCL patients

  Patient characteristics (n=91)                  No. of patients (%)
  ----------------------------------------------- ---------------------
  Age                                             56±14
   ≤60 y                                          53(58)
   \>60 y                                         38(42)
  Female Sex                                      47(52)
  NCCN-IPI score                                  
   low and low-intermediate group (0-3 scores)    52(57)
   high-intermediate and high group (4-8scores)   39(43)
  Performance status                              
   ECOG 0-1                                       71(78)
   ECOG \>1                                       20(22)
  B symptoms at presentation                      50(55)
  Ann Arbor Stage                                 
   I/II                                           34(37)
   III/IV                                         57(63)
  Extranodal sites \>1                            36(40)
  Elevated LDH level                              36(40)

Abbreviations: DLBCL, diffuse large B-cell lymphoma; NCCN-IPI, National Comprehensive Cancer Network-International Prognostic Index; ECOG, Eastern Cooperative Oncology Group; LDH, lactate dehydrogenase.

Clinical characteristics of patients in relation to MTV and TLG {#s2_2}
---------------------------------------------------------------

Table [2](#T2){ref-type="table"} revealed the difference in clinical characteristics between the dichotomized MTV and TLG groups. Pearson\'s chi-square test shows NCCN-IPI score, Ann Arbor stage, B symptoms, performance status and LDH level are significantly associated with MTV and TLG. Those patients with high MTV and TLG levels usually possessed the following characteristics: high NCCN-IPI scores, stage III/IV, B symptoms, poor performance status or elevated LDH levels.

###### Comparison between low and high MTV/TLG groups

  Clinical Factors          No. of patients (%)   P value [^b^](#tfn_002){ref-type="table-fn"}   No. of patients (%)                               
  ------------------------- --------------------- ---------------------------------------------- --------------------- --------- -------- -------- ---------
  Age                                                                                                                  0.607                       0.737
   ≤60 y                    53                    28(61)                                         25(56)                          26(57)   27(60)   
   \>60 y                   28                    18(39)                                         20(44)                          20(43)   18(40)   
  NCCN-IPI score                                                                                                       \<0.001                     \<0.001
   0-3                      52                    37(80)                                         15(33)                          35(76)   17(38)   
   4-8                      39                    9(20)                                          30(67)                          11(24)   28(62)   
  Ann Arbor Stage                                                                                                      0.003                       0.037
   I/II                     34                    24(52)                                         10(22)                          22(48)   12(27)   
   III/IV                   57                    22(48)                                         35(48)                          24(52)   33(73)   
  B symptoms                                                                                                           \<0.001                     0.008
   No                       41                    29(63)                                         12(27)                          27(59)   14(31)   
   Yes                      50                    17(37)                                         33(73)                          19(41)   31(69)   
  Performance status                                                                                                   0.002                       0.037
   ECOG 0-1                 71                    42(91)                                         29(64)                          40(87)   31(69)   
   ECOG \>1                 20                    4(9)                                           16(36)                          6(13)    14(31)   
  No. of extranodal sites                                                                                              0.072                       0.17
   0-1                      55                    32(70)                                         23(51)                          31(67)   24(53)   
   2 or more                36                    14(30)                                         22(49)                          15(33)   21(47)   
  LDH level                                                                                                            0.002                       0.002
   normal                   55                    35(85)                                         20(44)                          35(76)   20(44)   
   elevated                 36                    11(24)                                         25(56)                          11(24)   25(56)   

Abbreviations: MTV, metabolic tumor volume; TLG, total lesion glycolysis; NCCN-IPI, National Comprehensive Cancer Network-International Prognostic Index; ECOG, Eastern Cooperative Oncology Group; LDH, lactate dehydrogenase.

MTV and TLG were dichotomized by respective median values.

Pearson\'s chi-square test.

Survival analysis and prediction of survivals {#s2_3}
---------------------------------------------

The descriptions of baseline PET metabolic parameters including SUVmax, MTV and TLG are summarized in Table [3](#T3){ref-type="table"}. High MTV and TLG levels were significantly associated with poor PFS and OS, according to Kaplan-Meier curves and Log-rank test (Figure [1](#F1){ref-type="fig"}). The 5-year PFS of the low and high TLG group were 83% and 34%, respectively (p\<0.001). The 5-year OS of the same groups were 92% and 67%, respectively (p\<0.001). Other factors including MTV, NCCN-IPI, Ann Arbor stage, B symptoms and LDH level were also associated with PFS and OS, according to the results of univariate analysis shown in Table [4](#T4){ref-type="table"}. SUVmax failed to discriminate patients with poor PFS or OS (p=0.494, p=0.282, respectively). Interestingly, we found the patients with higher MTV or TLG level could have more risk to suffer from disease relapse or progression, even if they had achieved remission in R-CHOP therapy. Figure [2](#F2){ref-type="fig"} shows, in 79 patients who got remission in R-CHOP therapy, 14 out of 35 (40%) high-TLG patients have experienced disease relapse or progression, while only 4 out of 44 (9%) low-TLG patients have experienced relapse or progression (χ^2^=6.323, p=0.012). It is the same in the analysis of MTV, showing 14 out of 35 (40%) versus 4 out of 44 (9%) (χ^2^=6.323, p=0.012). Figure [3](#F3){ref-type="fig"} shows an example of disease relapse after getting CR in R-CHOP therapy. The baseline PET image before therapy showed high tumor burden with TLG of 1244g (Figure [3A](#F3){ref-type="fig"}). After 6 cycles of R-CHOP therapy, no hyper-metabolic lesions were seen on the PET image (Figure [3B](#F3){ref-type="fig"}). But the patient experienced relapse nine months after the R-CHOP therapy (Figure [3C](#F3){ref-type="fig"}).

###### Baseline PET/CT parameters

  Parameter     Median (interquartile range)   ROC curve for PFS    ROC curve for OS                                                                        
  ------------- ------------------------------ -------------------- ------------------ ------- ----- ----- -------------------- ------- ------- ----- ----- -----
  SUVmax        19.3(11.7-28.8)                0.527(0.402-0.653)   0.68               19.0    63%   52%   0.604(0.467-0.741)   0.265   15.8    91%   44%   
  MTV (cm^3^)   50.7(17.4-150.9)               0.720(0.599-0.840)   0.001              70.0    78%   69%   0.813(0.713-0.913)   0.001   78.0    91%   64%   
  TLG(g)        497.3(104.0-1451.6)            0.714(0.591-0.836)   0.001              826.5   70%   75%   0.81(0.706-0.915)    0.001   726.0   91%         66%

Abbreviations: SUVmax, maximum standard uptake value; ROC curve, receiver-operating characteristic curve; PFS, progression-free survival; OS, overall survival; AUC, area under curve; CI, confidence interval.

![Estimates of PFS and OS according to parameters in baseline PET/CT\
**A, C, E.** Kaplan-Meier estimates of PFS; **B, D., E** Kaplan-Meier estimates of OS. High, above the cutoff values from ROC analysis; low, at or below the cutoff values from ROC analysis.](oncotarget-07-83544-g001){#F1}

###### Univariate analysis for survivals

  Parameters                                    5-year PFS   P value [^b^](#tfn_004){ref-type="table-fn"}   5-year OS   P value [^b^](#tfn_004){ref-type="table-fn"}
  --------------------------------------------- ------------ ---------------------------------------------- ----------- ----------------------------------------------
  SUVmax [^a^](#tfn_003){ref-type="table-fn"}                0.494                                                      0.282
   Low                                          73%                                                         90%         
   High                                         57%                                                         72%         
  MTV [^a^](#tfn_003){ref-type="table-fn"}                   \<0.001                                                    \<0.001
   Low                                          88%                                                         98%         
   High                                         37%                                                         60%         
  TLG [^a^](#tfn_003){ref-type="table-fn"}                   \<0.001                                                    \<0.001
   Low                                          83%                                                         92%         
   High                                         34%                                                         67%         
  NCCN-IPI score                                             0.039                                                      0.036
   0-3                                          76%                                                         92%         
   4-8                                          51%                                                         71%         
  Ann Arbor stage                                            0.02                                                       0.046
   I/II                                         82%                                                         94%         
   III/IV                                       56%                                                         76%         
  B symptoms                                                 \<0.001                                                    0.027
   No                                           86%                                                         93%         
   Yes                                          46%                                                         70%         
  LDH level                                                  0.013                                                      0.015
   normal                                       77%                                                         88%         
   elevated                                     48%                                                         73%         
  Subtype                                                    0.761                                                      0.762
   GCB                                          74%                                                         88%         
   non-GCB                                      65%                                                         80%         

Abbreviations: PFS, progression-free survival; OS, overall survival; SUVmax, maximum standard uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis; NCCN-IPI, National Comprehensive Cancer Network-International Prognostic Index; LDH, lactate dehydrogenase; GCB, germinal centre B-cell.

SUVmax, MTV and TLG were dichotomized by cutoff values from ROC analysis.

Log-rank test.

![Relapse or progression in patients achieving remission in R-CHOP therapy\
High, above the median values; low, at or below the median values.](oncotarget-07-83544-g002){#F2}

![^18^F-FDG PET images of a recurrent case\
The baseline PET image shows high tumor burden with TLG of 1244g **A.** Although no hyper-metabolic lesions were seen on PET images after 6 cycles of R-CHOP therapy **B.**, the patient experienced relapse nine months after the R-CHOP therapy **C.**](oncotarget-07-83544-g003){#F3}

The results of multivariate analysis showed TLG was the only independent predictor of PFS and OS (HR=5.211, 95%CI=2.210-12.288, p\< 0.001; HR=9.136, 95%CI=1.829-45.644, p=0.002, respectively). Ann Arbor stage trended to be an independent predictor of PFS and OS (p=0.094, p=0.069, respectively). MTV, NCCN-IPI, B symptoms, LDH and Ki-67 failed to be independently predictive. All the results of Cox-regression were summarized in Table [5](#T5){ref-type="table"}.

###### Multivariate analysis for survivals

  Parameters                                 analysis for PFS [^b^](#tfn_006){ref-type="table-fn"}   analysis for OS [^b^](#tfn_006){ref-type="table-fn"}                                    
  ------------------------------------------ ------------------------------------------------------- ------------------------------------------------------ --------- ------- -------------- -------
  MTV [^a^](#tfn_005){ref-type="table-fn"}   --                                                      --                                                     0.151     --      --             0.103
  TLG [^a^](#tfn_005){ref-type="table-fn"}   5.211                                                   2.210-12.288                                           \<0.001   9.136   1.829-45.644   0.002
  NCCN-IPI                                   --                                                      --                                                     0.433     --      --             0.083
  Ann Arbor stage                            --                                                      --                                                     0.094     --      --             0.069
  B symptoms                                 --                                                      --                                                     0.344     --      --             0.478
  LDH level                                  --                                                      --                                                     0.459     --      --             0.348
  Ki-67                                      --                                                      --                                                     0.902     --                     0.478

Abbreviations: PFS, progression-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval; MTV, metabolic tumor volume; TLG, total lesion glycolysis; NCCN-IPI, National Comprehensive Cancer Network-International Prognostic Index; LDH, lactate dehydrogenase.

MTV and TLG were dichotomized by cutoff values from ROC analysis.

Cox-regression model

DISCUSSION {#s3}
==========

^18^F-FDG PET/CT scan has been widely used in the management of DLBCL and there is growing evidence of the prognostic value of PET/CT parameters. SUVmax is the most commonly studied partly because of the convenience and high reproducibility of measurement. It reflects the metabolic activity of the most aggressive tumor cell \[[@R26]\]. However, MTV and TLG can provide more information than SUVmax and increasing number of evidences have indicated their potential value. More recently, a few researches have demonstrated the prognostic value of volume-based parameters in some tumors, such as malignant pleural mesothelioma, small lung cell cancer, etc \[[@R22]--[@R25]\]. Some retrospective studies also confirmed the prognostic functions of MTV or TLG in DLBCL patients \[[@R10]--[@R15], [@R18]--[@R21]\]. Mikhaeel even indicated MTV or TLG combined with early response in interim PET/CT could improve predictive value of DLBCL \[[@R21]\]. Specially, in the IELSG 26 study conducted by Ceriani and colleagues, 125 patients with primary mediastinal large B-cell lymphoma were prospectively enrolled and statistics revealed TLG was the only predictive factor of PFS and OS in multivariate analysis \[[@R14]\].

In our study, we have demonstrated that, both MTV and TLG have the potential to predict PFS and OS in DLBCL patients treated with R-CHOP therapy. TLG is the only independent factor for predicting survivals and a high TLG value is significantly associated with poor outcomes in DLBCL. MTV, NCCN-IPI and Ann Arbor stage failed to predict survivals independently. Our conclusion is nearly consistent with four retrospective studies respectively conducted by Esfahani, Kim, Ceriani and Xie, in despite of different patient population and different statistical methods \[[@R11], [@R13], [@R14], [@R19]\]. Song and colleagues found MTV as an independent factor of outcome in patients with primary gastrointestinal DLBCL and DLBCL with bone marrow involvement \[[@R10], [@R18]\]. Another study conducted by the same group indicated that TMV had more potential power than Ann Arbor stage in the DLBCL patients of stage II/III without extranodal site involvement \[[@R15]\]. Although we have found the association between MTV and survivals in univariate analysis, the multivariate analysis indicates TLG is the only independent predictive factor. TLG was not involved into the multivariate analysis in the above three researches, which mainly causes the discordant results with ours. Sasanelli et al found MTV as an independent factor of outcome in patients with DLBCL while TLG failed to be independently predictive \[[@R12]\]. The discordance may be caused by different therapies. Cottereau et al found MTV combined with molecular characteristics including GCB, MYC and BCL-2 could improve classification of DLBCL patients with poor prognosis \[[@R20]\]. However, in our study, no difference was found in PFS and OS between GCB and non-GCB groups. Two retrospective studies stated conclusions opposite to ours \[[@R16], [@R17]\]. Gallicchio et al found the SUVmax rather than MTV and TLG remained the only predictor for PFS in DLBCL patients and the data even showed poor outcome with lower values of SUVmax \[[@R16]\]. We hold the view that the statistical methods had drawbacks as multivariate analysis was not included. The other research conducted by Adams et al argued that SUVmax, MTV and TLG do not provide any prognostic information in DLBCL beyond which can already be obtained by NCCN-IPI \[[@R17]\]. In our study, statistics indicated association between NCCN-IPI and survivals, but TLG was more powerful in predictive ability.

Statistics in this study also revealed that the patients with higher TLG or MTV have more risk of relapse or disease progression, even though they got remission in R-CHOP therapy, as is shown in Figure [2](#F2){ref-type="fig"} and Figure [3](#F3){ref-type="fig"}. In our opinion, this result is meaningful in clinical practice. For those patients with high TLG level, we should pay more attention to the treatment strategies and follow-up.

In DLBCL, TLG of baseline PET is the only quantitative parameter which accurately reflects tumor burden. But difference in measuring methods restricts its use. We find an interesting phenomenon that the cutoff value of dichotomizing MTV and TLG in our study and the previous studies differs in wide disparity. It partly results from different marginal threshold to calculate MTV. To the best of our knowledge, there are no published technical references about methodology of measuring MTV. According to previous studies in DLBCL, two methods are commonly used to decide the marginal threshold \[[@R10]--[@R18], [@R20], [@R21]\]. One is the proportion of SUVmax in one lesion, ranging from 25% to 50%. We consider this method disadvantageous. Using the proportion of SUVmax as the threshold may not be able to estimate metabolic volume correctly because SUVmax differs in different lesions of DLBCL. When SUVmax is a relatively high value, we may underestimate the volume. For instance, when a threshold of 41% of SUVmax is used to measure the volume of a mass with SUVmax of 20, it means the hyper-metabolic lesion with SUV less than 8.2 was not included in the region of interest (ROI). So the ideal proportion may change according to SUVmax, and that could be the main reason of the inconsistent proportion in previous studies. The other is an absolute cutoff value of SUV and 2.5 is commonly used, as suggested by Freudenberg et al \[[@R26]\]. SUV can be affected by various factors including different PET scans, a poor intravenous injection, time after injection or variable uptake time, so SUV of 2.5 is not an ideal marginal threshold for our study. Only one study used liver SUVmean plus 2SDs as a marginal threshold \[[@R18]\]. We used a method with a threshold equal to 3SDs above normal liver mean SUV determined in a standard-sized ROI of 3cm in diameter. Our method was similar to PERCIST, in which mean SUL (SUV lean) in normal liver plus 3SDs is recommended \[[@R27]\]. This per-patient adapted threshold based on liver background is able to reduce the effects of different PET systems and other technical and patient-dependent factors in our study. A previous research conducted by Kanoun et al evaluated the influence of methodology of calculating MTV in Hodgkin\'s lymphoma. MTV values were proven to be significantly influenced by methodology, but MTV values were predictive for PFS in all methodologies \[[@R28]\]. We consider that the conclusion may also apply to DLBCL. It is necessary to normalize the measuring method if we need to apply an accurate cutoff value of TLG to the management of DLBCL.

CONCLUSION {#s4}
==========

Our study indicates that the baseline TLG is an independent predictor for survivals in DLBCL patients treated with R-CHOP. High TLG level is associated with poor PFS and OS. Baseline TLG will help clinicians to identify the risk subgroups and make adjustments to the treatment strategies in DLBCL. Future efforts should be made to standardize the methodology of measuring MTV and TLG, and to confirm prognostic value of TLG in more prospective multicenter studies.

MATERIALS AND METHODS {#s5}
=====================

Patient population {#s5_1}
------------------

We performed a retrospective analysis of 91 patients (44 men and 47 women; age range, 17-83y) with newly diagnosed DLBCL. All patients had undergone ^18^F-FDG PET/CT scans before appropriate treatment at Shanghai Jiaotong University-Affiliated Ren Ji Hospital between March 2005 and October 2014. Inclusion criteria for this study were as follows: (a) the diagnose of DLBCL was pathologically confirmed; (b) first-line therapy with 6 or 8 cycles of R-CHOP therapy; (c) no history of other malignant tumors; (d) no central nervous system involvement of DLBCL; (e) complete clinical and pathological information was available. This study was approved by Institutional Review Board of Ren Ji Hospital.

^18^F-FDG PET/CT imaging procedures {#s5_2}
-----------------------------------

Baseline PET/CT images were acquired by dedicated PET/CT scanners (2005-2010, GE discovery ST 8-slice CT in PET/CT; after 2010, Siemens Biograph 64 rows of PET/CT) on all patients within 14 days prior to chemotherapy. All patients received an intravenous injection of ^18^F- FDG (3.7 MBq/kg, or 0.1mCi/kg) after fasting for at least 6 hours. Blood glucose was also measured before the injection to make sure it was no more than 140 mg/dL. The mean uptake time was 50±6 minutes. CT scans were acquired 120 kV and 140 mA (mean), with a section width of 5.0 mm. PET images were reconstructed iteratively with CT data for attenuation correction.

^18^F-FDG PET parameters {#s5_3}
------------------------

The ^18^F-FDG PET images were analyzed by two experienced independent observers blinded from any clinical information. On a dedicated workstation, Philips IntelliSpace Portal 7.0 (Philips, Amsterdam, Holland), metabolic parameters were measured in all baseline PET/CT scans. SUVmax was calculated automatically by the workstation. MTV was measured by setting the tumor marginal threshold of liver SUVmean plus 3SDs. SUVmean in liver was calculated in a standard-sized ROI of 3cm in diameter \[[@R27]\]. TLG was the sum of the products of MTV and SUVmean in all measured lesions.

Statistical methods {#s5_4}
-------------------

MTV and TLG were dichotomized by respective median values and differences in clinical and pathological factors between groups were analyzed by Pearson\'s chi-square test. The PET metabolic parameters were analyzed using receiver-operating characteristic (ROC) curve to estimate the optimal cutoff values. Overall survival was defined as the time from diagnosis to death or the last follow-up visit, and progression-free survival was from initial treatment to disease progression, death or last follow-up visit. Survival curves were derived by the Kaplan-Meier method in two groups dichotomized by optimal cutoff values of PET parameters and the between-group difference was evaluated by Log-rank test. Cox-regression model was used to identify independently predictive variables from clinical, pathologic and imaging variables. The hazard ratio (HR) and its 95%CI were also calculated by Cox-regression model. A p value less than 0.05 was considered to be statistically significant. Statistical analysis was conducted using SPSS, version 20.0 (IBM corporation, NY, USA).
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